A 2.4 km long deep-sea mooring was deployed for 14 months in the Puerto Rico Trench, the deepest part of the Atlantic Ocean. Below its top buoyancy package, the mooring line held a 200 m long string of high-resolution temperature sensors and a current meter. Over the instrumented range between 6,004 and 6,204 m, waters are very weakly stratified, with local buoyancy frequency equaling about 1.9 times the semidiurnal tidal frequency. Besides quiescent waters, the detailed observations show regular vertical turbulent overturning associated with periodic warming and driven by internal tidal and inertial waves. During such episodes, the 4-day and 200 m vertically averaged dissipation rate increases from approximately 10 −11 up to 10 −9 m 2 s −3 , and eddy diffusivity increases from 5 × 10 −5 up to 4 × 10 −3 m 2 s −1 . No large-scale shear-driven Kelvin-Helmholtz billows are observed, and free convection seems the dominant primary turbulent overturning mechanism affecting material redistribution and life in the weakly stratified environment.
Introduction
As the ocean is basically stably stratified in density from surface to bottom, vertical ("diapycnal") turbulent exchange is hampered (Gargett 1984) , but not blocked. In fact, open oceans' weak vertical turbulent exchange is still 100-fold larger than molecular diffusion (Gregg 1989) . In the strongly stratified portions of open seas and oceans away from boundaries, the main process behind diapycnal exchange is shear instability of (partially) opposing currents above and below the pycnocline in combination with (the sparse breaking of) high-frequency internal waves supported by the same stratification (e.g., Geyer and Smith 1987; Seim and Gregg 1994) .
Although the stratification gradually decreases with increasing depth, completely homogeneous waters are rare. Nevertheless, turbulence characteristics are expected to change version of Smith and Sandwell (1997) . Solid black contours every 1,000 m; the heavy (bold) contour denotes 0 m (land); the dashed contour is for 5,500 m, the approximate "top" of the PRT. from mainly shear induced in strongly stratified waters to convection induced in nearhomogeneous waters near the surface (e.g., Moum, Caldwell, and Paulson 1989) and in the deep ocean.
Here, we investigate in some detail the vertical exchange process in a deep-sea trench, which is not found to be a stagnant pool of cold water. It is dominated by internal tidal and large-scale subinertial eddy motions.
Data and handling
Moored observations have been made at the deepest part of the Puerto Rico Trench (PRT), Milwaukee Deep (Fig. 1) . The mooring had a 200 m long thermistor string and a single Nortek AquaDopp acoustic current meter below its top buoyancy of 22 glass spheres, providing nearly 250 kg net buoyancy near 5,960 m below the surface. The current meter was equipped with pressure and tilt sensors. The mooring was deployed from the R/V Pelagia at 19
• 44 N, 67
• 11 W in 8,370 m water depth (measured using a Kongsberg-Simrad EM300 multibeam echosounder system calibrated with local conductivity-temperaturedepth [CTD] data) on 11 December 2013 (year day 344). It was recovered on 10 February 2015 (year day 770). Several cross sections with the R/V Pelagia's multibeam confirmed the flatness of the bottom deep, which had a width of 12 km in north-south direction (Fig.  1b) . The mooring site was approximately 3 km from the foot of the northern slope.
The thermistor string consisted of 101 high-resolution, high-precision NIOZ4 temperature sensors (for characteristics, see van Haren et al. 2009 ). The sensors were spaced at 2.0 m intervals between 6,004 and 6,204 m and sampled at a rate of 1 Hz. They were synchronized via induction every 4 h, so that timing mismatch was <0.02 s. per month after aging, vertical temperature profiles are considered, which are averaged over a suitable length of time, typically 4-8 days, which exceeds, generally by a factor of 10, the largest turbulence overturning timescale and the longest internal wave period. In such an average, with by nature turbulence and internal wave motions removed, a vertical temperature profile should be smooth and at least be homogeneous, more commonly stably stratified. This is achieved by fitting a polynomial, most commonly of third order, to the average profile. For each sensor, all its temperature data within that particular 4-to 8-day period are corrected with a single constant value to this smooth, statically stable profile. This correction is repeated for other periods resulting in different corrections because of the drift. The procedure is straightforward under typical ocean-stratification conditions, but rather difficult under conditions where the stratification is weaker than the adiabatic lapse rate (in an absolute sense). As this is the case in the present data, the electronics drift is here, for each ∼6-day period, first corrected to a constant, homogeneous profile thereby implicitly also compensating for the adiabatic lapse rate. Second, the data are transferred to conservative (∼potential) temperature (Θ) values (Intergovernmental Oceanographic Commission, Scientific Committee on Oceanic Research, and International Association for the Physical Sciences of the Oceans 2010) by adding constant mean Θ(z), and thus dΘ/dz, values from local CTD observations. For that purpose, approximately 1 km from the mooring, several shipborne SeaBird-911 CTD profiles were obtained, to a maximum depth of 7,200 m because of pressure sensor and cable length constraints. The CTD data are also needed to establish the local densitytemperature relationship for use of the moored temperature sensor data as a tracer for potential density anomaly variations, referenced to 6,000 m, σ 6 . With such a relationship, the number of NIOZ4 temperature sensors and their 2 m resolution are sufficient to use these moored data to estimate turbulent flux parameters through the resolution of scales of up to the largest energy-containing Ozmidov scales of turbulence in stratified fluids. Thus, following Thorpe (1977) for CTD data and applied to moored temperature sensor data by Levine and Boyd (2006) and van Haren and Gostiaux (2012) , the turbulent kinetic energy dissipation rate, ε = C 2 0 d 2 N 3 , with C 0 = 0.8 a constant (Dillon 1982) , and the vertical (z) turbulent eddy diffusivity, K z = ΓεN −2 , with Γ the mixing efficiency coefficient, are estimated by calculating "overturning displacement" scales d after reordering every (drift corrected) potential density (temperature) profile, which may contain inversions, into a stable monotonic profile without inversions (Thorpe 1977) . N is computed from the reordered density (temperature) profiles. The estimate of ε (or, equivalently, the vertical heat flux) is relatively robust and can be made to within a factor of about 2 (van Haren and Gostiaux 2012). The indirect estimate of K z is more problematic, as it depends on the mixing efficiency. Debate is ongoing, but the best option without further information to within an order of magnitude seems a constant value (e.g., Oakey 1982) . Thus, a constant, mean Γ = 0.2 is used, which is most commonly used under shearinduced, high-Reynolds number turbulent stratified-ocean conditions and yields K z = 0.128d 2 N (Osborn 1980; Oakey 1982; Levine and Boyd 2006) . Specifically here, a threshold of ΔT thres = 2 × 10 −4 • C is used for accepting nonzero overturns. This threshold is half because of noise and half because of remaining temperature shifts after calibration (van Haren et al. 2009 ). In the following, averaging over depth range is indicated by < . . . >, and over time by […] .
Observations a. Yearlong overview
The location of the temperature sensors was approximately 500 m below the surrounding ocean floor, so near the top of the trench. Between 5,000 and 5,500 m, CTD profiles ( Fig. 2) showed a transition from locally stronger stratification to weakly stratified waters. At the depth of the sensors, the stratification is dominated by temperature variations, but the gradient of the latter amounts to dΘ/dz = 3.5 × 10 −5• C m −1 (Fig. 2e ).
This value is only one-quarter of the local adiabatic lapse rate of 1.5 × 10 −4• C m −1 .
Between 5,900 and 6,300 m, the linear temperature-density relationship is reasonably tight as δσ 6 = αδΘ, α = −0.185 ± 0.005 kg m −3• C −1 (Fig. 2d ). Repeated CTD observations show very little variation in this relationship, and the effects of salt-compensated intrusions are confirmed negligible. As a result, the temperature sensor observations can be used as a tracer for density variations to estimate turbulence parameters. The mean buoyancy frequency over a scale of 100 m is N 100 = 2.6±1×10
0.8f h , where f h = 2Ω cos ϕ denotes the horizontal Coriolis parameter of Earth rotational vector Ω at latitude ϕ suggested to be important for delimiting convective exchange in weakly stratified waters (van Haren 2008) . It is noted that in the PRT, f h = 0.98M 2 , where M 2 denotes the lunar semidiurnal tidal frequency. This N 100 value is compared with spectral observations subsequently, as it associates with the upper limit of the internal wave band and thus a particular change in spectral slopes. The error in N 100 value is commensurate with the uncertainty found in determining the buoyancy frequency in near-homogeneous waters (van Haren and Millot 2006) . The locally strongest stratification of N max = 6f h is found at 5,300 m capping the PRT waters ( Fig. 2a) and in occasional small-scale thin layers below. Overall, the temperature variations with time were dominated by large 20-to 40-day periodicities that modulated shorter timescale variations (Fig. 3a) . No effects were noticed in the temperature observations from mooring deflections by current drag, despite the top of the mooring being lowered twice by 1.2 m because of implosion of three glass spheres or a loss of 75 kg of buoyancy and equivalent tension cable stretch at 3 and 26 days after deployment. With the remaining ∼90 kg of net buoyancy, the mooring remained upright, and, because of the relatively low current speeds of <0.08 m s −1 , the top never deflected more than 2 m vertically as a result of drag. Only twice after day 371 did the top of the mooring sink more than 1 m (∼1 dbar) vertically for the duration of a few days (Fig. 3b , around days 388 and 675 when currents were maximum; the current meter stopped recording after 11 months, the intended duration of deployment). The shorter-period variations in temperature are better visible in the spectral frequency (σ) domain ( Fig. 3c; red) . They show an energy hump between inertial frequency f and diurnal frequencies and a peak at the semidiurnal tidal frequency before progressively sharper rolling off with frequency between 2f h < σ < 6f h and eventually leveling off to white noise levels. From the temperature data, vertical motions are estimated associated with freely propagating internal waves, using the simple relationship w T = ∂Θ/∂t/(dΘ/dz) 200 , implying an average value over the entire range of sensors as the vertical gradient is taken over 200 m. At or near the tidal peak, the spectrum of w T (Fig. 3c, green) "peaks" at σ ≈ 0.95f h ≈ 0.5N 100 (in the following, the subscript 100 is dropped for large-scale N ). On both sides of 0.5N , its (nonpeak) spectral slope falls off at a rate of σ −1 for 0.5N < σ < 4f h .
This spectral sloping and spectral extent of the internal wave band are similar to previous acoustic Doppler current profiler w-spectra from the deep, weakly stratified Mediterranean Sea (van Haren and the ANTARES Collaboration 2014). The same slope is observed for log<[ε]> (Fig. 3c, light blue) . The vertical currents are directly associated with internal wave motions, as their spectral extent is largely between f (≈ 0.33f h ) ∼< σ ∼< N m (≈ 4f h ), the classic inertiogravity frequency band, whereby the N m ≈ 2N, N m denoting the root-mean-square (rms) local small-scale "thin-layer" buoyancy frequency here estimated over 2 m intervals (N max denotes its maximum value). Over the period of a year, N and N m are found to vary with time, associated with variations in turbulence parameter levels, but in general the internal wave band is about one decade wide in frequency here.
Computing turbulence parameters averaged over consecutive periods of 1 h (using a drift-correction window of 6 days), a time series of 200 m vertically averaged values is constructed in Figure 4 . It is observed that with increasing midrange temperature (Fig. 4a) , varying on the 20-to 40-day timescale besides tidal variations, stratification varies by up to a factor of 3 times the minimum value (Fig. 4b) . The strong variation in rms turbulent displacements (Fig. 4c ) and turbulence parameters ( Fig. 4d and e) , the latter over four orders of magnitude, are typical for ocean turbulence (e.g., Gregg 1989).
b. Detailed temperature observations
The detailed temperature sensor data reflect the dominance of the semidiurnal variations that are nearly in phase over the 200 m range (Fig. 5a ). Vertical isotherm excursions are typically 50-100 m but can exceed the range of observations (e.g., on day 390 as discussed subsequently). During the relatively low-tidal-amplitude and the low-turbulence period of Figure 5 , the associated 200 m vertically averaged turbulence dissipation rate shows a variation over three orders of magnitude only (Fig. 5b) . It does not vary with a semidiurnal periodicity. Over the displayed 4 days, 200 m averaged values are as follows:
A 1-day zoom of the temperature observations (Fig. 5c ) demonstrates a strong asymmetry of the tidal motions, which are otherwise smooth showing few overturns that pass the threshold criterion (Fig. 5d) . However, waters are not quiescent as may be inferred from the isotherm contours in Figure 5 (c), which are drawn for the temperature depth-time distribution relative to the overall mean temperature (stratification) profile. In this contouring perspective, in the case of no mixing occurring, simple advection of cooler and warmer waters, with zero vertical phase lag, would show as vertical contour lines. In Figure 5 (c), this is often the case, except for a few closed loops. In the same perspective of contouring relative to the mean temperature (gradient) profile, homogeneous waters show as horizontal contours to the amount equivalent to the mean gradient but with a negative sign (so, totaling about seven contours over the 200 m range). An example will be given subsequently; it does not occur in Figure 5 (c).
In addition to the few closed loops, the ragged nonsmooth appearance of the contours demonstrates, besides noise, small-scale turbulent activity. This may also be inferred from the continual variability of thin-layer stratification in Figure 5 (e). Nonetheless, turbulence levels passing the noise threshold are low, but genuine turbulent overturning is observed as the duration of displacements never exceeds the 8 h mean buoyancy period in Figure 5(d) .
High turbulence levels occur when inertial motions combine with tidal motions, while temperatures are (slowly) rising (see the example in Fig. 6 ). Over the displayed 4 days, 200 m averaged values are as follows:
4f h , so that mean turbulence levels are about two orders of magnitude larger than for Figure 5 . Besides the tidal period, the inertial period of 1.6 days is visible from day 389.4 onward. The amplitude exceeds the 200 m range of the sensors (e.g., around day 390). Although mean turbulence levels are relatively high, the variation with time of the 200 m mean dissipation rate exceeds five orders of magnitude including brief quiescent periods (Fig. 6b) .
The number of contours in the detail image of Figure 6 (c) is much larger than in Figure  5 (c). During the higher turbulent period in Figure 6 (c), closed loops are often seen, most of them inclined (upward) in [t, z]-space. The period between days 390.25 (6,200 m) and 390.34 (6,000 m) shows the same incline, but in part of quasi-horizontally layered contours: in the lower half it is nearly homogeneous in conservative temperature as four contours are found over a range of 100 m, which nearly equals the mean stratification (that was removed for the contours). The upper half shows less layering (one to two contours), so that the overall remaining stratification equals f h . The larger overturning is clearly demonstrated in the more frequent and larger displacements (Fig. 6d) , compared with Figure 5(d) .
The result is an intensified small-scale buoyancy frequency distribution (after reordering) in distinct layering with a doubling to approximately 50-100 m height of near-homogeneous layers (Fig. 6e ), in comparison with Figure 5 (e). As before, the duration, length in time, of the layers does not exceed the large-scale buoyancy period of 8 h, a third of the length of Figure 6 (c)-(e).
Discussion and conclusions
It is hypothesized that the same shortness of duration (<8 h) of the thin well-stratified and near-homogeneous layers delineates the type of convection seen in the present observations. As few Kelvin-Helmholtz billows have been observed, which would show as S shapes in stratification (N) images, shear instability is not expected to be the main initiator of convection, even though inertial motions do occur, which are known for their short vertical length scale thereby being important for shear in the ocean. As a result, (free) convection seems a more important candidate for the primary turbulent overturning. But, how can it be generated in stable stratification under the influence of internal waves?
Commonly, when a stably stratified (two-layer) fluid is under the influence of a body force, its vertical acceleration (a = dw/dt) should exceed that of gravity (g) for free convection to occur, no matter how weak the stratification (Sharp 1984; Dalziel 1993) . However, motions in the ocean interior of quasi-continuously stratified fluid are not driven by a body force, but by an internal force of "reduced gravity," g = (g/ρ)Δρ = N 2 L, where the density difference is taken over a suitable vertical length scale, L. Intuitively, the physics may be described by a decomposition of motions into a mean (subinertial) field, a large-scale (tidal and inertial) internal wave field, and a small-scale (near the buoyancy frequency) internal wave field. However, the mathematical solution of the underlying dynamical equations is very complex (Krauss 1966) and still has to be done.
Hypothesizing, we estimate accelerations for the present weakly stratified conditions. For the given mean buoyancy frequency N = 2.6 × 10 −4 s −1 , we find an internal wave acceleration of a = Nw = 2 × 10 −6 m s −2 for w estimated from temperature observations.
The condition a > g implies L < 40 m. Thus, for realistic internal waves, accelerations can be sufficient to create free convection, provided low-frequency inertial-tidal internal waves interact with waves near the buoyancy frequency to create sufficiently strong vertical and nonlinear motions. After initiation and a particular lapse of time (∼ 1/f = 6 h here), such convection will spread "slant-wise" in the direction of the Earth rotational vector in near-homogeneous waters, as shown in laboratory experiments of (Sheremet 2004) . When the Earth rotational and gravity vectors are at a particular angle, which is the case when observations are not made at the North Pole, such "slanted" convection results in weak, but nonhomogeneous stratification (when measured in the direction of gravity, as is common in the ocean). Thus, they become limited by the overall mean stratification as in stratified shear flows, and for which a limiting duration of 0.95 times the large-scale buoyancy period has been observed (van Haren and Gostiaux 2015) . The presently observed overturning over timescales shorter than the buoyancy period is most probably genuine stratified turbulence, as salinity-compensated intrusions, if present, have durations also exceeding the buoyancy period.
It remains to be investigated how precisely the interaction plays between tidal and inertial motions (and perhaps subinertial motions). Besides the collapse of horizontal density gradients ("fronts"), inertial waves may be generated from Taylor columns induced by inertial (tidal) waves. Davidson (2013) suggests two conditions for the latter inertial wave generation via turbulence from (internal wave) vorticity transfer. One condition reads that the Reynolds number should be large, Re = ul/ν >> 1, with ν the kinematic viscosity and u and l suitable velocity and length scales, respectively. The other condition requires the Rossby number to become of order unity Ro = u/Ωl ≈ 1, after being much larger initially. The first condition is easily met here, as Re ∼ O(10 6 ). The second condition is met if we take for length scale the vertical scale l z = 50 − 100 m of homogeneous layers, which we assume points along the direction of the Earth rotational vector, l = l z / sin ϕ = 150 − 300 m, when u = 0.01 − 0.02 m s −1 . Such low current values were measured. The associated tidal and inertial vertical motions have typical amplitudes of 0.01 m s −1 .
The combination of tidal and inertial motions is partially imperative for the observed turbulence generation. Tidal motions have large vertical scales, with little vertical phase variation (over the 200 m range of observations). This implies very weak shear. Large shear is mainly associated with the near-inertial motions. The latter thus have shorter vertical length scales, which may add to the tilting of isopycnals, as observed in Figure 6 (c). It seems that this leads to oblique nonlinear motions, which results in strong convection. Although the precise interactions cannot be established from the single mooring data, it is not unlikely that the enhanced near-inertial motions are associated with the periodic (20-50 days) arrival of warmer waters. The present observations are too limited to determine the source of these waters, but the periodicity of variation points to mesoscale eddy activity, probably at the interface between Caribbean and North Atlantic waters. The result of these interactions is a vertical convection that replenishes the (top of the) PRT waters with fresh materials. It stresses the importance of internal wave motions for mixing and vertical exchange for redistribution of suspended materials and life, also in such deep parts of the ocean.
